Mediterranean Basin and develop regional tectonic models. Borings of the colonial marine mollusc 15
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Introduction 29
The rate of Pleistocene crustal displacement in the Eastern Mediterranean-Aegean region remains poorly 30 resolved because the timing of uplift events is uncertain due to a paucity of suitable dating material. ThisM A N U S C R I P T
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2 lack of reliable chronologies has hindered construction of robust models that capture the tectonic 32 complexities of the region and which might furnish insights into future seismic events. shorelines are excellent recorders of relative crustal displacement and here we investigate the uranium-34 M A N U S C R I P T
6 texture is a well-known phenomenon that does not necessarily alter mineralogy (Hallam and O'Hara, 108 1962; Hudson, 1968) . the image where the dark layers are part of the periostracum. A calcite layer with foliate structure, about 118 100 µm thick, overlies the periostracum, followed by aragonite nacre forming the bulk of the shell and 119 finally a distinctive 50 µm wide prismatic aragonite layer on the inner margin; (b) fossil shell from MIS 120 5a/c sediments (JEA 11907-2). The outer part of the shell is at the bottom of the image. This image 121 illustrates preservation of the distinctive 50 µm wide prismatic aragonite layer on the inner margin, 122 identical to that in the modern sample. (c) fossil shell from MIS 5a/c sediments (JEA 11907-2). The outer 123 part of the shell is at the bottom of the image. This image illustrates preservation of the foliate structured 124 calcite layer, overlain by aragonite nacre. (d) fossil shell from MIS 7 sediments (JS 091106-2, not dated); 125 despite its antiquity this shell contains well-preserved ultrastructure, including the foliate structured 126 calcite layer (bottom centre of image) and a prominent prismatic aragonite layer (centre of image), itself 127 M A N U S C R I P T
8 1400 years too old, and measured ages on Holocene uplifted fossil shells from western Crete exceed 156 estimated age by 350-2800 years (Shaw et al., 2010 ). The precise contribution of dead carbon in the 157
Cretan samples could not be determined accurately as some of the lithophagids may have expired long 158 before uplift occurred. 159
160
The Pleistocene samples collected from uplifted shorelines are assigned to MIS 5a/5c, MIS 5e and MIS 7 161 highstands on the basis of U-series dating of corals and/or stratigraphic associations (Dia et al., 1997; 162 Leeder et al., 2003; Leeder et al., 2005; Turner et al., 2010) . One of the two MIS 5e shells (L12) is from a 163 23 m palaeoshoreline on Makrugoaz Ridge, comprising coraliferous sands and serpulid reefs. The MIS 5e 164 age attribution is based on U-Th dates from associated coral stems (Leeder et al., 2005) . The second MIS 165 5e sample (L13) is from +19 m within a shallow limestone cave on the north of the peninsular and it is 166 correlated with shorelines dated to MIS 5e (elsewhere) and mapped along the north coast of the 167 peninsular to the sample location (Leeder et al., 2003; Leeder et al., 2005) . The single MIS 7 shell (L14) 168 is from limestone bedrock on Cape Heraion at an elevation of 43 m which correlates with a MIS 7a 169 terrace ~0.25km to the east, where corals have been U-Th dated to ~190 ka (Dia et al., 1997) . 170
171
Whilst MIS 5e and 7 palaeoshorelines are well documented at altitudes of ~25 m and ~40 m respectively, 172 the age of a well-defined shoreline at 8-12 m is more ambiguous. Since it is on an uplifting coastline and 173 at a lower altitude than the MIS 5e palaeoshoreline it must be younger than that feature and the only pre-174 Holocene relative high sea-level stands during the intervening period occurred during MIS 5a and 5c. 175 Direct dating evidence is lacking and the uncertainty on calculated uplift rates is too large to discriminate 176 between the two possibilities and consequently it cannot be confidently attributed to either. The four 177 lithophagid samples (L8-L11) associated with this shoreline are therefore assigned a generic age of MIS 178 5a/c. 179
Sample code UEA reference Sample location (see Fig  2c) , and elevation that U uptake may occur relatively early rather than as a late event or continuous process, as has been 195 previously suggested (Ivanovich et al., 1983; Kaufman et al., 1996) , although the possibility that these 196 five shells once possessed higher levels of U, some of which has subsequently been lost, cannot be 197 excluded. The difference between Pleistocene and Holocene Th concentrations is more marked (Fig. 4b)  198 with averages of 58 (±45) ppb (excluding L8) and 19 ppb respectively. However, there is almost a factor 199 of three difference between Th concentrations in the two sub-samples of L12 so distribution of Th within 200 the samples is probably very heterogeneous. A plot of U vs Th concentrations in the fossil samples ( concentration errors for modern shells are <0.001. Model ages are calculated using the algorithms of (Thompson et al., 2003) . See text for discussion of 209 allocated ages. Isotope ratios are activity ratios. 232 Th (ppb) ratios between 17 and 20 and one of 5.7), and therefore the calculated ages are likely to be overestimates. 232
The likely range of corrected ages calculated using the ( 230 Th/ 232 Th) detrital ratios from the modern 233 samples (1.5-2.9) are shown in Table 3 suggesting that uranium is absorbed from seawater during feeding rather than from the host limestone 262 during boring. The presence of trace amounts of detrital thorium in the (zero age) modern shells is 263 responsible for their calculated apparent ages of 4.96, 18.04 and 3.38 ka. Detrital thorium is a common 264 M A N U S C R I P T Interestingly, the values encompass the empirical ratio of 1.7±0.7 reported by (Kaufman, 1993 ) from a 275 range of carbonate materials around the globe. The lack of a single well constrained detrital ratio in our 276 samples presumably reflects a diversity of local detrital sources. 277
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16 and serious problem when dating sub-aerial deposits by U-series methods although if the initial
278
Holocene samples: The four Holocene samples were recovered from limestone bedrock. They all have U 279 levels more than an order of magnitude higher than modern shells (typically ~1 µg g -1 ) and similar to 280
Pleistocene samples (see below), suggesting that uptake occurs fairly rapidly (within a few thousand 281 years) of the death of the organism. Post-mortem U uptake would not materially affect age estimates for 282 uplifted shorelines provided it occurs shortly before or after relative sea level fall whilst the shells are 283 either still submerged or remain in the swash zone, since the shells will remain close to contemporary sea 284 level during uptake. Three of the four samples have ( 234 U/ 238 U) ratios that lie within error of seawater 285 values (1.147) with one only outside the range at 1.136±0.005. These data suggest that significant 286 uranium is indeed taken up from seawater whilst the shells remain in the swash zone following shoreline 287 uplift, or following death and prior to emergence. Th concentrations are 2-10 times higher than modern 288 samples but typically two to five times lower than Pleistocene samples. These relative values might mean 289 that U uptake is a rapid event whereas Th uptake is a slower, more continuous, process. Alternatively, U 290 uptake may be a semi-continuous process that eventually reverses following long exposure to sub-aerial 291 M A N U S C R I P T The true ages of the Holocene lithophagids are broadly constrained by radiocarbon dates on shells from 302 the same colony (4260-6890 calendar years BP, Pirazzoli et al., 1994) ). However, if the 303 radiocarbon dates were dead-carbon corrected, they would probably be significantly younger, possibly by 304 1000 years or so (Shaw et al., 2010) , and a range of 3300 -5900 years BP is likely to be more realistic. 305 U/Th ages using measured ( 230 Th/ 232 Th) values from the modern samples to correct for detrital 306 contamination lie in the range 3.0 -5.9 ka ( (Fig. 4a, b) . The absence of a positive relationship between U concentration and apparent age 320 might be construed as support for a geochemical model of early uranium uptake from seawater with 321 negligible subsequent migration (i.e. closed system behaviour). However, the ( 234 U/ 238 U) ratios do not lie 322 along the seawater evolution line (Fig. 5) , implying that either the U in these shells has a non-marine 323 source, or the samples have not remained closed systems, or both. Since the evidence from modern and 324
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Holocene samples strongly indicates an initial marine origin for the uranium, the most likely explanation 325 for the observed deviations is open system behaviour. Five ( 234 U/ 238 U) ratios lie above the marine 326 evolution line and two below. Those below (L12 and L14) have not simply experienced preferential 234 U 327 removal from damaged lattice sites during sub-aerial leaching of marine uranium from the shells as this 328 would cause apparent ages to be overestimated rather than underestimated as observed here. Both have 329 apparent ages between 60 ka and 70 ka (a global marine lowstand) whereas one sample is actually of MIS 330 5e age and the other MIS 7. Probably uranium has been derived, at least partly, from meteoric water with 331 ( 234 U/ 238 U) ratios lower than marine, and taken up either quasi-continuously or late in the shells' history 332 to achieve the observed ages and ( 234 U/ 238 U) ratios. 333
334
The actual ages derived for the Pleistocene shells will of course depend on the timing of U uptake 335 (whether from marine or meteoric sources) and its subsequent geochemical behaviour. Early uptake 336 followed by closed system conditions will produce accurate ages, continuous or late uptake, 337 underestimated ages, and early U uptake followed by later loss, overestimated ages. Here three ages are 338 too young (L12, L13, L14), two are compatible with the probable true (MIS 5c) age (L10, L11) and two 339 are too old (L8, L9). The two samples that yield plausible (MIS 5c) ages have calculated ( 234 U/ 238 U) init 340 ratios of 1.1566±0.0059 and 1.1763±0.0066 respectively. Whilst 1.1566 is quite close to a marine 341 signature, 1.1763 is compatible only with meteoric water values and it is likely that one or both of these 342 shells have experienced geochemical disturbance. So although it is possible that the apparent accuracy ofM A N U S C R I P T
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the L10 age is real and the shell has only suffered minor isotopic alteration, probably it has experienced 344 significant alteration and yields a plausible age only by chance. Two samples (L8 and L9) are older than 345 their geological ages, the former by an entire glacial-interglacial cycle. This sample has by far the highest 346 U and Th content (11 µg g -1 and 329 ppb respectively) which may reflect high early uptake of uranium 347 and thorium followed by relatively recent uranium loss. This would account for the high ( 230 Th/ 232 Th) 348 ratio of 113. L9 may also have suffered recent uranium loss since detrital thorium levels are insufficient 349 ( 230 Th/ 232 Th = 94) to account for the upward age displacement of 30-50 ka to ~131 ka. It may be 350 significant that the MIS 5e and MIS 7 sample ages are much younger than expected whilst two of the MIS 351 5a/c ages are much older, although this pattern is difficult to interpret. 352
353
There is a strong inverse correlation (R 2 = 0.71, p<0.05) between uranium concentrations and ( 234 U/ 238 U) 354 for six of the seven shells (Fig. 7) and the y-axis intercept of 1.146 is very close to the uranium isotope 355 composition of seawater. The negative slope indicates that any non-marine uranium taken up by the shells 356 must have a ( 234 U/ 238 U) ratio below that of seawater. We currently have no uranium isotope data from 357 local groundwaters, but alpha spectrometric analysis of a local vadose flowstone, formed on limestone 358 bedrock and dated to 27.7+/-1.3 ka (1σ), showed ( 234 U/ 238 U) init to be 1.032+/-0.024; how representative 359 this might be of local groundwaters over a glacial-interglacial timescale is unknown. The intersection of 360 the regression line with the ( 234 U/ 238 U) init value of the dated flowstone occurs at a uranium content of ~7 361 µg g -1 (Fig. 7) . If 1.032 is broadly representative of ( 234 U/ 238 U) ratios in groundwaters on the Perachora 362 Peninsula through the mid-late Pleistocene, then the regression line approximates a mixing line between 363 two uranium end members, seawater and groundwater. The local geology is very complex and highly 364 tectonised and is dominated by Mesozoic and Neogene limestones and flysch deposits, with basic rocks 365 and sandstones and phyllites occurring along the southwest coastal margin (IGME 1984 in the Pleistocene L. lithophaga shells (Fig. 8) . This relationship is often seen in diagenetically altered 381 reef corals, although the slopes in those cases are usually much steeper. U-series analyses of Pleistocene 382 corals have shown that they frequently experience post-mortem isotopic disturbance and despite careful 383 sample screening and selection, ( 234 U/ 238 U) ratios often lie significantly above (occasionally below) the 384 marine evolution curve, the discrepancy increasing with age (Gallup et al., 1994; Stirling et al., 1995) . M A N U S C R I P T
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21 (Henderson and Slowey, 2000; Henderson et al., 2001 (Stirling et al., 2001) . Data from coeval samples often form quasi-linear arrays 391 above the ( 234 U/ 238 U) evolution curve and numerical models have been developed to correct for recoil 392 effects and retrieve true ages from affected samples (Thompson et al., 2003; Villemant and Feuillet, 393 2003 ). An empirical approach was adopted by (Scholz and Mangini, 2006; Scholz et al., 2004) (Frank et al., 2006) reviewed these methods and found that both numerical models gave almost identical 399 corrected ages for samples that had experienced only slight diagenetic alteration, although the Thompson 400 et al. (2003) model performed rather better for older samples that were significantly altered. However, 401 they were unable to test the approach of (Scholz et al., 2004) However, to assess whether alpha recoil processes might have played a significant role in disturbing the 412 shell ages we applied one of the models (Thompson et al., 2003) Following the approach of (Scholz et al., 2004) , a regression line through these data intersects the marine 418 curve at 90.3 ka (Fig. 9) , which lies within the correct interglacial complex (MIS 5); however it 419 corresponds to marine lowstand MIS 5b and is therefore implausible. The two MIS 5e samples plot far 420 apart (Fig. 5) and could not form part of a linear array intercepting the marine curve near 120 ka. It 421 therefore appears that the Pleistocene shells have experienced diagenetic processes more complex than 422 alpha recoil or simple U uptake and subsequent loss, and that existing models are unable to retrieve 423 meaningful ages from the current data. with little or no petrographic or XRD evidence of alteration in specimens as old as ~200 ka. U-series data 432 suggest that it may be possible to date emergent Holocene shells by the U/Th method, although 433 significant age correction is necessary because of detrital contamination. Successful correction depends 434 upon using realistic estimates of U/Th ratios in the contaminants rather than average crustal values which 435 are inappropriate for carbonate-dominated environments. U-series dating may, therefore, prove to be a 436 useful tool for constraining the age of uplifted Holocene shorelines in the Mediterranean. Despite their 437 almost pristine appearance, the evidence from our field area suggests that Pleistocene shells cannot be 438 reliably dated. They show unequivocal evidence of open system behaviour, there is little consistency in 439 isotope patterns between samples and in the absence of detailed understanding of the diagenetic processes 440 involved, correcting for the effects of isotopic disturbance is not currently possible. Such disturbance is 441 probably subject to many process controls, perhaps, inter alia, decay of intra-shell organic matter or 442 
